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Abstract
Despite recent advances, little has been experimentally established regarding the detailed chemical processes
that occur during biomass pyrolysis reactions. We developed a new technique that allows for the monitoring
of each molecular product from fast pyrolysis with ∼0.2 s temporal resolution. This was achieved by directly
coupling a micropyrolyzer with a time-of-flight mass spectrometer via a soft ionization. Molecular products
studied were produced in thin-film pyrolysis of a series of glucose-based carbohydrates. Unprecedented details
of the pyrolysis reaction process were revealed, including the timescale of molecular product formation and
the existence of metastable intermediates. Small carbohydrates are completely pyrolyzed within one second
and as short as one-half second for glucose pyrolysis. Individual time profiles could be extracted and examined
for each molecular product. Additionally, the effect of sample dimensions on the pyrolysis of cellulose and α-
cyclodextrin, as both thin films and particles, was studied. A surprising time delay of one second is observed
for the thin-film pyrolysis of cellulose and α-cyclodextrin, which is attributed to the transition to the molten
phase. When a large amount of cellulose or α-cyclodextrin is pyrolyzed, random fluctuations of temporal
profiles are observed and explained as coming from aerosol ejections. This is well correlated with the high
abundance of non-volatile products such as cellobiosan that cannot be detected in typical GC–MS or
pyrolysis GC–MS analysis.
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 Despite recent advances, little has been experimentally established regarding the detailed 
chemical processes that occur during biomass pyrolysis reactions. We developed a new technique 
that allows for the monitoring of each molecular product from fast pyrolysis with ~0.2 second 
temporal resolution. This was achieved by directly coupling a micropyrolyzer with a time-of-flight 
mass spectrometer via a soft ionization. Molecular products studied were produced in thin-film 
pyrolysis of a series of glucose-based carbohydrates. Unprecedented details of the pyrolysis 
reaction process were revealed, including the timescale of molecular product formation and the 
existence of metastable intermediates. Small carbohydrates are completely pyrolyzed within one 
second and as short as one-half second for glucose pyrolysis.  Individual time profiles could be 
extracted and examined for each molecular product. Additionally, the effect of sample dimensions 
on the pyrolysis of cellulose and α-cyclodextrin, as both thin films and particles, was studied. A 
surprising time delay of one second is observed for the thin-film pyrolysis of cellulose and α-
cyclodextrin, which is attributed to the transition to the molten phase. When a large amount of 
cellulose or α-cyclodextrin is pyrolyzed, random fluctuations of temporal profiles are observed 
and explained as coming from aerosol ejections. This is well correlated with the high abundance 








• New instrumentation is developed to monitor pyrolysis with sub-second time resolution. 
• High-resolution mass spectrometry allows for the determination of pyrolysis product 
formula and trace their temporal changes.  
• Overall time scale of pyrolysis reactions and unstable intermediates could be monitored in 
the fast pyrolysis of a series of carbohydrates. 




 Fast pyrolysis produces high yields of condensable vapors (bio-oils) which can be 
upgraded into drop-in fuels or commodity chemicals.[1-3] There has been significant progress in 
the fundamental understanding of fast pyrolysis recently. However, experimental validation is very 
limited, largely owing to the complexity of the pyrolysis process.[4] The kinetics of biomass 
pyrolysis have mostly been studied with global lump-sum models which ignore the chemical 
reactions of each molecular compound, leading to inconsistent kinetic parameters between 
measurements.[5] Recently, the Broadbelt group developed a mechanistic model for cellulose 
pyrolysis by dissecting pyrolysis reactions into hundreds of individual reaction steps.[6-8] This 
mechanistic approach provides predictive capabilities regarding the final product distribution and 
time evolution of each product. However, it has several critical limitations such as uncertainty of 
the proposed mechanisms and ambiguities in the Arrhenius rate parameters derived from quantum 
mechanical calculations or fitting to experimental datasets. Furthermore, the model is built on 
idealistic situations without considering heating rate, phase transitions,[9] or aerosol 
formation/ejection[10] that occur in most experiments.  
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 Some recent breakthrough technologies have dramatically improved our fundamental 
understanding of cellulose pyrolysis. Lédé and coworkers developed radiant flash pyrolysis using 
a focused xenon lamp; this technique was applied to cellulose pellets and revealed the presence of 
non-volatile oligomers formed in immediately quenched intermediates.[11] Dauenhauer and 
coworkers used high-speed photography to visualize aerosol ejection from boiling molten phase 
cellulose[9,10] and developed thin-film pyrolysis to study pyrolysis kinetics in isothermal 
conditions.[12] More recently, the Dauenhauer group developed a thermal pulsing reactor, 
called Pulse-Heated Analysis of Solid Reactions (PHASR), which can precisely control heating 
time within a millisecond timescale and analyze the product distributions with GC-MS.[13] This 
system was successfully applied to cellulose pyrolysis and demonstrated the reaction-limited 
isothermal kinetics for thin films and the temperature-dependent change in reaction mechanisms. 
Despite these recent technical advances, there currently is no analytical method available that can 
directly monitor each pyrolysis molecular product in situ with high temporal resolution.  The 
Kenttämaa group developed an on-line mass spectrometric method by directly interfacing a 
pyroprobe micropyrolyzer with a mass spectrometer in an ambient environment.[14] This system 
immediately quenches and analyzes primary pyrolysis products, and has been used to study 
secondary reactions[14] and primary reaction mechanisms[15]; however, it does not directly 
monitor pyrolysis products in high temporal resolution. 
 Recently, we have utilized a soft ionization that is not commonly used in GC-MS, dopant-
assisted atmospheric pressure chemical ionization (dAPCI), for complex pyrolysis product 
analysis. We used low concentration ammonia in helium as a dopant gas and is connected to a 
high-resolution time-of-flight mass spectrometer (TOF MS). It has been used to study catalytic 
fast pyrolysis of cellulose through molecular formulae determination.[16] By replacing the GC 
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column with a short transfer line, herein we report a new analytical platform capable of monitoring 
each pyrolyzate in situ with sub-second temporal resolution. Introducing the sample to this system 
as a thin film on the outside of the sample cup maximizes heating rate while minimizing residence 
time. This approach is applied to monitor the fast pyrolysis of a series of small carbohydrates 
(glucose, cellobiose, cellotriose, and cellotetraose) with sub-second temporal resolution. 
Additionally, fast pyrolysis of α-cyclodextrin and cellulose were studied as a thin film and as a 
powder to gain a better understanding of the effect of sample dimension on reaction kinetics. 
Multiple insights were obtained from this study that improve our fundamental understanding of 




Levoglucosan (1,6-anhydro-β-glucopyranose, Sigma-Aldrich, St. Louis, MO), glucose 
(Sigma-Aldrich), cellobiose (Fluka, St. Louis, MO), cellotriose (Carbosynth, San Diego, CA), 
cellotetraose (Santa Cruz Biotechnology, Dallas, TX), α-cyclodextrin (Sigma-Aldrich), and 
cellulose (Sigmacell Type 20, Sigma-Aldrich) were purchased at the highest available purity. 
Isotopically-labeled 13C6-levoglucosan (>99% 13C atom) was purchased from Omicron 
Biochemicals (South Bend, IN) to serve as an internal calibrant. D-glyceraldehyde and erythrose 
were purchased from Carbosyth. Dihydroxyacetone, glycolaldehyde dimer and 5-
hydroxymethylfurfural were purchased from Sigma-Aldrich. All compounds were obtained at the 
highest available purity (>95% except for erythrose, 75%). 
 
2.2 Metal contamination of raw materials 
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Sodium ion can leach from glass container at concentrations of 2-10 µM.[17] Mineral 
contaminations have been reported to affect fast pyrolysis product distributions at concentrations 
as low as 500 ppm (~0.05 wt%), particularly alkaline salts such as NaCl and KCl.[18] To 
minimize this effect, all samples were prepared in Teflon vials. Metal contaminants were 
quantified using inductively coupled plasma optical emission spectroscopy (ICP-OES; 
PerkinElmer Optima 8000; Waltham, MA) as shown in Table 1. All metal contaminations are 
present in concentration below those that have been shown to affect pyrolysis (> 5 ppm).[18,19] 
Cellulose was observed to have the highest concentrations of metal contaminants, which was 
further reduced by washing with water and drying overnight at 35 °C. The washed cellulose was 
used for all subsequent experiments while all other samples were used as received. 
 
Table 1. ICP-OES analysis results of metal contaminations in glucose-based carbohydrates used 
in the current study. Concentrations of inorganic ions are shown in ppb. 
Sample Na K Ca Al Mg 
Levoglucosan - - - 4.9 0.6 
Glucose - - 1.7 3.2 0.5 
Cellobiose - - - - - 
Cellotetraose 49.6 22.4 75.0 - 14.0 
α-Cyclodextrin - - 7.8 1.6 2.9 
Cellulose (unwashed) 780.1 233.2 57.2 44.7 7.9 
Cellulose (washed) 25.6 - 20.4 - 4.8 
* '-' indicates below the detection limit. 
 
2.3. Thin film preparation 
Pyrolysis samples except for cellulose were dissolved in water (LC-MS ChromaSolv; 
Fluka) at a concentration of 1 mg mL-1. Cellulose was washed and dried as described in section 
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2.2 then suspended in water at a concentration of 1 mg mL-1. Thin-films were prepared for all 
samples by transferring 0.5 µL of solution (0.5 µg sample load) to the outside upper rim of 4 x 8 
mm (diameter x height) cylindrical pyrolysis cups (Frontier Laboratories, Fukushima, Japan) and 
placed under light house vacuum for 1 min to remove water. In all experiments, 0.05 µg of 13C6-
levoglucosan (0.5 µL of 0.1 mg mL-1 solution) was spotted on the opposite side of the sample cup 
as an internal standard. 13C6-levoglucosan was chosen as an internal standard since it is stable at 
pyrolysis temperatures and evaporates off the cup without pyrolysis, allowing for calibration of a 
pyrolysis time-zero and quantify the amount of levoglucosan produced through pyrolysis. A good 
linearity was found for 13C6-levoglucosan samples between 5-100 ng (R2 = 0.995).  
 
2.4. Instrumentation 
The experimental system is depicted in Figure 1. Samples were pyrolyzed using a drop-in 
microfurnace pyrolyzer (AS-1020E auto shot sampler and 3030S micropyrolyzer; Frontier) with a 
preheated furnace temperature of 500 °C. The cups are dropped in two steps with the auto shot 
sampler. First, the cup is dropped from the carousel to a waiting position, where the furnace and 
sample cup are purged with ultrahigh purity helium. The sample cup is then released to free fall 
into the furnace. Pyrolysis vapors are transported by ultrahigh purity helium carrier gas at a flow 
rate of 100 mL min-1 through the mircopyrolyzer and 1 mL min-1 (with 100:1 split) through a short 
deactivated fused silica transfer line (100 μm i.d. x 0.6 m; SGE Incorporated, Pflugerville, TX) 
with the GC oven (7890A; Agilent, Palo Alto, CA). The inlet, interfaces, and GC oven are held at 
280 °C.  To maximize the heating rate and minimize the mass transfer effect, we pyrolyze a thin 
film (<5 μm) of material deposited on the outer rim of sample cup surface in amounts as little as 
50 ng. Products were ionized by dAPCI and detected using a high-resolution Agilent 6200 TOF 
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MS (m/Δm ~7,000 at m/z 200) scanning over a mass range of m/z 60-1000 at a scan speed of 20 
Hz (0.05 s per spectra).  
 
Figure 1. Micropyrolyzer-dAPCI-TOF MS system with a short description for each component. 
 
APCI is a soft ionization technique commonly used for LC-MS but produces significant 
fragmentation when coupled with a GC interface. Ammonia gas is used as a dopant to improve 
sensitivity and minimize fragmentation, as previously described.[16] Briefly, ammonia (500 ppm 
in He; Praxair, Dansbury, CT) flows into the source chamber as a sheath gas of the sample transfer 
line at 1 mL min-1. Ammonium ions formed by corona discharge (1 kV) ionize analytes through 
ammonium adduct formation for carbohydrate-type compounds, forming a stable adduct ion with 
almost no fragmentation. Humidity influences ion signals, especially in winter time when lab air 
is very dry. A humidity control setup was used to by infusing N2-bubbled water vapor into the 
source at 1:1 ratio with dry N2 (not shown in Figure 1). This was achieved by creating an inlet in 
the source window, allowing sufficient humidity to the source for stable and improved ion signals 
regardless of changes in the environment outside the dAPCI source. The pyrolyzates do not have 
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direct contact with the water vapor since the ammonia dopant gas is introduced as a sheath gas 
around the pyrolysis vapors. 
  
3. Results and Discussion 
3.1. Analytical platform 
 We have developed a new analytical platform that can directly monitor pyrolzates in situ, 
by directly interfacing a micro-pyrolyzer with a TOF MS via dAPCI, as shown in Figure 1. When 
the sample cup arrives at the bottom of the furnace, the thin film is heated, pyrolyzed, and 
evaporated. Pyrolyzed vapors are carried away by helium carrier gas to escape the reactor and 
delivered to the TOF MS. Each time component (tdrop, theating, tpyrolysis, tevap, and tescape illustrated in 
Figure 2A) contributes to the total time that are being measured by TOF MS, as well as the dead 
time spent in the transfer line and TOF MS (tdead). When two cups with a thin film of levoglucosan 
on each are dropped sequentially in a batch mode, the time difference between the two maxima is 
very reproducible within 0.05 s (Figure 2B). The reproducibility of the detection time between cup 
drops allows the calibration of tdrop, tescape and tdead regardless of sample types as well as most of 
theat and tevap using the elution time of levoglucosan. After the time zero calibration with 
levoglucosan, the rest of the measured time mostly corresponds to pyrolysis time, tpyrolysis. 
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Figure 2. Experimental overview of thin-film pyrolysis with sub-second temporal resolution. (A) 
Schematic diagram illustrating each time component contributing to the total measurement time. 
(B) Time difference between two consecutive runs of 13C6-levoglucosan in batch mode is 
reproducible within 0.05 s. (C) Mass spectrum of thin-film glucose pyrolysis averaged over tpyrolysis 
of -0.2 to 1 s. (D) Time profiles of each product in thin-film pyrolysis of 0.5 μg glucose and 0.05 
μg 13C6-levoglucosan. *: Contamination peak. 
  
Figure 2C shows the mass spectrum of thin-film pyrolysis of glucose as an example. We 
could directly determine the molecular formulas of all the peaks with accurate masses obtained 
from TOF MS. All the pyrolysis products are carbohydrate type molecules (i.e., Cx(H2O)y)) and 
are detected as ammonium ion adducts (i.e., [M + NH4]+). The C3 product (C3H6O3, 
dihydroxyacetone and its structural isomers) is most abundant. Similar amounts of C2H4O2 (e.g., 
glycolaldehyde), C4H8O4 (e.g., erythrose), and C6H10O5 (levoglucosan and its structural isomers) 
are observed at ~1/3 the abundance of the C3 product. It should be noted that ion signals from 
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different compounds cannot be directly compared because of the difference in their ionization 
efficiencies; however, we expect the efficiency for ammonium adduct formation is not hugely 
different between carbohydrate type molecules, most likely within an order of magnitude. 13C6-
levoglucosan is also observed at m/z 186.107; this was deposited on the opposite side of the outer 
rim of sample cup from the glucose sample for the purpose of time calibration and quantification 
of levoglucosan yield.  
Figure 2D shows the time profiles of a few representative pyrolysis products of glucose; 
these were obtained by tracing each peak with narrow mass isolation window (±0.05 u). Here, the 
timescale is calibrated with the peak time of 13C6-levoglucosan as time-zero, which is denoted as 
the pyrolysis time (tpyrolysis) after calibration. We estimate our time resolution as ~0.2 s from the 
full width at half-maximum of the detected peak for 13C6-levoglucosan evaporated and detected in 
this system. This type of furnace pyrolysis has been generally regarded to have extremely high 
heating rate (>15,000 °C s-1).[12] However, when the temperature was monitored in situ in real 
time, the heating rate was much lower, only 180-240 °C s-1 at 500 °C, because the conduction heat 
transfer was much less effective than previously estimated.[20] We use a very thin film (<5 μm) 
at the top outer rim of the sample cup to maximize the heating rate and minimize the temperature 
gradient within the samples, with which we estimate the heating rate is slightly improved to 400-
500 °C s-1. Due to heating before and during the freefall, the temperature of sample cup is ~100 °C 
at the time when the cup has just arrived at the furnace bottom. Thus, it will take ~1 s to heat up 
the thin-film to 500 °C. 
To estimate the residence time of pyrolysis vapor inside the reactor, two consecutive cups 
of levoglucosan thin films were dropped into the furnace in a batch mode using an autosampler. 
The thin film is deposited on the top-outside rim for the first sample and on various positions for 
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the second as illustrated in Figure 3 with corresponding elution profile. We expect almost no 
reactor residence time for the sample deposited at the bottom-outside of the cup, because we 
observed no pyrolysis product when glucose is deposited at this position (data not shown). 
Compared to levoglucosan deposited at the bottom-outside position (Figure 3A), it takes 0.2 s 
longer when the second sample is deposited at the top-outside rim of the cup (Figure 3B), 
suggesting the reactor residence time is ~0.2 s at the position. In contrast, when levoglucosan thin 
film is deposited at the bottom-inside of the cup, the time profile is significantly broader, ~0.6 s 
compared to ~0.2 s, and it takes average of ~0.6 s to escape the reactor (Figure 3C). This 
broadening is attributed to gas turbulence of the carrier gas inside the cup as it carries away the 
pyrolyzates. All our experiments, unless otherwise noted, were performed with a thin-film of 0.5 
μg materials deposited on the top-outside of the sample cup and expected to have the reactor 
residence time of ~0.2 s.  
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Figure 3. The elution time changes depending on the thin-film positions. The extracted ion 
chromatograms (EICs) of isotopically-labeled 13C6-levoglucosan ([13C6H10O5+NH4]+, m/z 
186.107) in thin-film pyrolysis at 500 °C with the spotting location (red mark) of cup 2 as (A) 
outside-bottom, (B) outside-top, and (C) inside-bottom. The time difference (Δt) is calculated by 
peak maximum except for (C), which is peak area center due to peak broadening and irregularity.  
 TOF MS is a fast-scanning, high resolution mass spectrometer which can trace each 
molecular product with accurate mass (∆m ≤10 ppm). Pyrolysis products are softly ionized by 
dAPCI with ammonia gas serving as a dopant.[16] As shown in Figure 4 for dAPCI-MS spectra 
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of standard compounds of common, small pyrolyzates, they are mostly detected as ammonium ion 
adducts (i.e., [M+NH4]+) with almost no fragmentation or dimer formation. It should be noted that 
the absence of fragmentation allows the time evolution of each pyrolysis product to be traced 
without chromatographic separation. Since these products are not chromatographically separated 
and this instrument lacks tandem MS capabilities, structural isomers cannot be distinguished and 
thus each chemical formula is assumed to be the sum of all isomers. 
   
Figure 4. dAPCI mass spectra of some standard compounds, demonstrating almost no 
fragmentation. 
 
3.2. In situ monitoring of fast pyrolysis reactions of small glucose-based carbohydrates 
 To understand the influence of glycosidic bonds on reaction mechanisms, several glucose-
based carbohydrates of various chain lengths were pyrolyzed as thin film, and their temporal 
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profiles are compared in Figure 5. In the pyrolysis of cellobiose and larger oligosaccharides, 
levoglucosan (C6H10O5) is most abundant due to the readily cleavable glycosidic bonds, whereas 
C3H6O3 is most abundant in glucose. In the pyrolysis of glucose, the only reaction pathway to 
form levoglucosan is a water loss from the glucose monomer; this pathway is expected to be very 
slow because it is a rearrangement reaction with low frequency factor. As the chain length 
increases so does the average pyrolysis time and the broadening of temporal profile. This is 
attirbuted to two reasons: 1) it takes longer for larger molecules to have the thermal energy 
distributed to all the vibrational degrees of freedom and 2) there are many more competing 
pyrolysis reactions. We expect the pyrolysis products in this experiment are mostly produced 
through primary reactions occurring on the sample cup surface, not by the secondary reactions 
between the pyrolyzates in the gas phase, because the reactor residence time is only 0.2 s (Figure 
3) and the temperature in the transfer line is low enough to minimize any secondary reactions 
(280 °C).  
   
Figure 5. Time profiles of select products in thin-film pyrolysis of 0.5 μg glucose, cellobiose, 
cellotriose, and cellotetraose. Y-scale represents the abundance relative to 13C6-levoglucosan. 
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Abbreviations: Glycolaldehyde (GA); Glyceraldehyde (GLA); Dihydroxyacetone (DHA); 
Dianhydroglucopyranose (DAGP); Levoglucosan (Levo). 
  
 Remarkably, glucose pyrolysis occurs much faster (<0.5 s) than predicted by the Broadbelt 
group (>2 s)[8]. The fact that the actual pyrolysis occurs much faster than predicted indicates that 
many of the reaction parameters used in the mechanistic models are underestimated for frequency 
factors and/or overestimated for activation energies. Additionally, there might be some missing 
reactions in their model [21]. We have previously studied the reaction mechanism of glucose 
pyrolysis using 13C-labeled glucose and shown that some of the reaction mechanisms proposed by 
Zhou et al. are incorrect[21]. The latter could be especially significant because many of these 
reaction parameters were obtained by fitting the model to experimental data from pyrolysis-GC-
MS analysis of 200-500 μg of material. Such large amounts of sample placed inside the sample 
cup leads to the significant sample dimension of ~0.5 mm and result in a significant temperature 
gradient within the samples[12,22]. The resultant gradient is known to have significant impacts on 
product yields; for example, it is known that thin-film pyrolysis dramatically reduces the 
levoglucosan yield compared to bulk pyrolysis (27 and 48 %C in thin-film and powder cellulose 
pyrolysis, respectively).[12,22]  
 There also are other limitations in fitting theoretical modeling to pyrolysis-GC-MS data. 
Many of the pyrolysis products are not present and/or have poor spectra in the NIST EI-MS library 
and cannot be identified in typical GC-MS analysis.[16] Furthermore, thermally unstable 
compounds cannot survive typical GC-MS conditions and will not produce a mass spectrum. Other 
products suffer from significant fragmentation and do not produce useful EI-MS spectra. For 
example, glyceraldehyde (C3H6O3) is predicted in the reaction mechanism of Zhou et al.[7] but is 
not present in their experimental data due to the thermal instability of the compound. Consequently, 
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glyceraldehyde is assumed to isomerize to dihydroxyacetone, the only compound with the 
molecular formula of C3H6O3 in their experimental data but with extremely low yield (0.11 %C). 
Glyceraldehyde is unstable at high temperatures and is difficult to detect with traditional GC-MS. 
However, our instrumentation can detect thermally unstable pyrolysis products as long as they can 
survive for 0.2 s in the reactor at 500 °C and 0.3 s in the transfer line at 280 °C. High yields of 
C3H6O3 in our data can be explained as mostly coming from glyceraldehyde before it further 
decomposes into smaller products. We confirmed the presence of glyceraldehyde in glucose 
pyrolysis by adding a short GC separation to our instrumentation and comparing with 
standards.[21] Zhou et al. underestimated the overall reaction rate of glucose pyrolysis due to an 
inability to detect the high primary yield of glyceraldehyde. We also observed some additional 
chemical compounds, such as C4H6O3 and C4H8O4, which have not been previously identified in 
micropyrolysis experiments. C4H6O3 is recognized in the data set of Zhou et al. as an unknown 
compound with MW of 102, due to the absence in NIST EI-MS library. With a short reactor 
residence time, soft dAPCI ionization, and high resolution MS measurement, we could detect these 
compounds and determine their molecular formulas.  
 The presence of C8H14O7 in the pyrolysis of cellobiose or larger carbohydrates is quite 
interesting. It has not been reported in previous pyrolysis-GC-MS studies. Additionally, this 
product was not detected in our system when a GC column was added to provide traditional 
separation. We hypothesize that this compound must be thermally unstable and is unable to survive 
typical Py-GC-MS timescales and temperature conditions but is able to survive in a system with a 
much shorter residence time; i.e., less than 1 second in our system compared to 60 minutes in 
traditional GC. As can be seen in Figure 6, non-volatile cellobiosan (C12H20O10) and thermally 
unstable intermediates (C8H14O7, C10H18O9) can be only detected when the GC column is 
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replaced with a short transfer line for in situ direct monitoring. Hurt et al. have detected the C8 
compound in on-line pyrolysis MS of cellobiose.[14] They used a fast heating pyroprobe in an 
APCI interface to directly inject early pyrolysis products to an ion trap MS. They observed 
C8H14O7 as the most abundant product and determined its structure to be 
glucopyranosylglycolaldehyde from the combined study of MS/MS, pyrolysis of 13C-labeled 
cellobiose, and quantum chemical calculation.[15] The production of this compound can be 
explained as two consecutive retro aldol reactions by which two glycolaldehydes are lost, as shown 
in Scheme 1. Unlike other products, C8H14O7 appears slightly later than other products in 
cellobiose or cellotriose and much later in cellotetraose (Figure 5); this is characteristic of 
consecutive reactions and agrees with Scheme 1.  
 
Figure 6. Summed mass spectra of cellobiose fast pyrolysis without and with GC separation. 




Scheme 1. Pyrolysis reaction pathway to yield C8H14O7 and its decomposition to levoglucosan. 
 
3.3. Sample dimension effects observed with in situ monitoring of α-cyclodextrin and 
cellulose pyrolysis  
Pyrolysis of cellulose and α-cyclodextrin, shown in Figure 7, revealed dramatic differences 
from pyrolysis of small carbohydrates. During thin-film pyrolysis for both cellulose and α-
cyclodextrin, no products appear for approximately one second. After the first second, pyrolysis 
products appear with similar temporal profiles. This time delay is quite reproducible and unique 
to cellulose and α-cyclodextrin. We hypothesize that the phase transition to molten phase causes 
one second delay in the appearance of small pyrolysis products in case of cellulose and α-
cyclodextrin. Namely, instead of direct evaporation of pyrolysis products from thin film solid 
phase to gas phase pyrolyzate, the phase transition from solid thin film to liquid molten phase is 
necessary as an intermediate step for the pyrolysis of cellulose and α-cyclodextrin even for a thin 
film. The time delay in our data is still quite long compared to the timescale of molten phase 




Figure 7. Temporal profiles in various amounts of thin-film pyrolysis of cellulose (top) and α-
cyclodextrin (bottom). "Outside" indicates a thin film deposited on the top-outside rim of sample 
cups and "Inside" indicates a thin film deposited at the bottom-inside of the sample cups. Y-scale 
is arbitrary unit. 
 
Cellulose and α-cyclodextrin are mostly composed of glycosidic bonds between glucose 
monomeric units with no or few end chains. Conversely, the small oligosaccharides studied in the 
previous section have a comparatively large number of end chains. As a result, the role of intra-
chain scission is much more important in the pyrolysis of these large carbohydrates. This 
intermediate state caused by intra-chain scission, often called 'active cellulose' in bulk sum model, 
is essentially molten liquid phase and important in the pyrolysis of cellulose and α-cyclodextrin. 
Krumm et al. demonstrated that the dominant reactions of the pyrolysis mechanism of cellulose 
changes from end-chain scission to intra-chain scission at 467 °C.[13] They suggested that 
oligomers produced by intra-chain scission generate molten phase intermediates at high 
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temperatures. Agarwal et al. also showed that at low temperatures cellulose structure is dominated 
by intra-chain hydrogen bonding while inter-chain hydrogen bonding is dominant at high 
temperature[23]. Additionally, Seshadri and Westmoreland performed detailed quantum chemical 
calculations and showed that biomolecular concerted reactions catalyzed by nearby OH groups 
would play an essential role in lowering the activation energies in cellulose pyrolysis.[24]  
Random fluctuations are observed in the temporal profiles of levoglucosan, especially 
when a large amount of cellulose or α-cyclodextrin is pyrolyzed (Figures 7D and 7H), which is 
attributed to aerosol ejections. The rapidly boiling molten cellulose can produce aerosols ejected 
by the increased pressure of trapped gas molecules, as observed by high speed photography.[9,10] 
As liquid droplets, the aerosols can carry nonvolatile products such as cellobiosan, which agrees 
with the high signal levels of cellobiosan as shown in Figures 7D and 7H. Cellobiosan (C12H20O10) 
is nonvolatile and cannot be observed in typical GC-MS or Py-GC-MS analysis, unless volatilized 
through off-line derivatization,[10] but it is observed in our in situ pyrolysis study as this species 
has survived a transport by aerosols through a short transfer line. Although present in small 
amounts, cellobiosan is also detected in the pyrolysis of cellobiose in our system (Figure 6). 
Surprisingly, the relative product yields are quite different between cellulose and α-
cyclodextrin, especially when they are pyrolyzed outside the cup as thin films (Figure 7A, 7B, 7E, 
7F). The relative yield of levoglucosan is much lower in the pyrolysis of α-cyclodextrin while 
much higher levels of dianhydroglucopyranose (DAGP; C6H8O4) and C8 intermediate product 
(C8H14O7) are observed. It is intriguing to observe higher yield of DAGP in the pyrolysis of α-
cyclodextrin with shorter reactor residence time (i.e., outside the cup compared to inside the cup), 
as one may consider DAGP is a water loss of levoglucosan and thus a longer reactor time should 
produce more DAGP. However, it should be noted that water loss from levoglucosan is not the 
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preferred pathway to form C6H8O4 (DAGP and its isomers). For example, Zhou et al. proposed 
DAGP is from a water loss of deoxyglucosulose, not levoglucosan.[7] Additionally, levoglucosan 
is very stable and loses additional water only in much longer timescales at high temperatures. It is 
still not clear why α-cyclodextrin produces a larger amount of C6H8O4 and C8 intermediates than 
cellulose with a short reactor residence time. One likely explanation is the complete absence of 
end-chains in α-cyclodextrin requires the glycosidic bonds to be cleaved before any further 
reactions to occur and thus creates a higher probability of a doubly dehydrated product. As the 
sample dimension increases and/or with longer reactor residence time (from left to right in Figure 
7), additional reactions occur in the molten phase, resulting in the similar product yields between 
cellulose and α-cyclodextrin. The product yields are also similar between cellulose and α-
cyclodextrin in the powder pyrolysis (Figure 8) which was performed inside the cup, further 
supporting the role of sample dimension in the product yield distribution.  
 
Figure 8. Temporal profiles in powder pyrolysis of various amounts of cellulose (top) and α-




 We have developed a new analytical platform that can directly monitor the molecular 
products in the fast pyrolysis of biomass in situ.   Because of the limitations in heating rate and 
diffusion broadening during the transition time, the temporal resolution of this experiment is 
limited to about 0.2 s and we cannot monitor primary elementary reactions occurring much faster. 
Despite this, several new insights have been obtained by applying this instrumentation to the 
pyrolysis of glucose-based carbohydrates. The major findings include: 1) the pyrolysis of small 
carbohydrates occurs much faster than previously expected, as little as one-half second for glucose 
pyrolysis, 2) the existence of “metastable” intermediates that was previously reported by Hurt et 
al. in the pyrolysis of cellobiose under ambient conditions[14] was confirmed for cellobiose and 
larger glucose-based oligomers, 3) almost one second of significant time delay was observed in 
thin-film pyrolysis of cellulose and α-cyclodextrin, which was attributed to the transition to molten 
phase, and 4) significant difference is observed in the relative product yields between cellulose 
and α-cyclodextrin for a short reactor residence time. Overall, this instrumentation facilitates 
monitoring the elementary reactions of small carbohydrate pyrolysis as well as observing the 
temporal effects of sample dimension in powder pyrolysis. It could be used to better understand 
many fundamental processes such as the effect of alkali metals on pyrolysis kinetics of 
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